The myotendinous junction (MTJ) is at high risk of strain injuries, due to high amounts of energy that is transferred through this structure. The risk of strain injury is significantly reduced by heavy resistance training (HRT), indicating a remodeling capacity of MTJ. We investigated the degree of remodeling of muscle fibers near the human MTJ. In 8 individuals, samples were taken from the semitendinosus and gracilis MTJ and they were stained immunohistochemically for myonuclei (DAPI), fibroblasts (TCF7L2), and satellite cells (CD56). A high portion of the muscle fibers adjacent to the MTJ contained a centrally located myonucleus (47 ± 8%, mean ± SD) and half of the muscle fibers were CD56 positive. The number of satellite cells and fibroblasts were not higher than what has previously been reported from muscle bellies. The immunohistochemical findings suggest that the rate of remodeling of muscle fibers near the MTJ is very high. The finding that there was no increased number of satellite cells and fibroblasts could be explained as a dynamic phenomenon. The effect of HRT should be evaluated in a randomized setting.
| INTRODUCTION
The myotendinous junction (MTJ) transmits force from skeletal muscle to the adjacent tendon, and it is subjected to very high mechanical stress. [1] [2] [3] To resist these loads, the strength of tissue and its rate of remodeling need to be high. Repair and adjustment of muscle to training is a complex process involving many different cell types, of which the most important are satellite cells, fibroblasts, and macrophages. 1, [4] [5] [6] Strain at hamstrings MTJ is a common sports injury, but heavy resistance training (HRT) reduces the risk of this injury, [7] [8] [9] [10] perhaps because HRT strengthens the muscular tissue close to MTJ. We recently reported a training-induced increase in macrophage concentration around the muscle fibers close to the MTJ. 11 Nothing has been reported, however, regarding fibroblast or satellite cell activity at the MTJ. Satellite cells are normally quiescent and located between the basal lamina and the muscle fiber membrane, waiting to be activated in response to loading or muscle damage. [12] [13] [14] Once activated, satellite cells divide, and the daughter cells either differentiate to become a myonucleus or remain as a satellite cell to maintain the cell pool. 15 After injury as well as after HRT, there is an increased occurrence of centralized nuclei in muscle fibers. 16, 17 This is also found in myopathological conditions or in relation to the use of anabolic steroids. 16, [18] [19] [20] HRT and the use of anabolic steroids lead to increased concentrations of satellite cells as well. 18, 19 We have recently demonstrated with the use of 3-D reconstructive electron microscopy of human MTJ that the finger-like processes that are characteristic for animal MTJ, in fact, are ridge-like collagen protrusions which insert into indentations of the muscle, maximizing the surface area through which force is transmitted. 21 Animal models have shown that this MTJ surface area increases following long-term physical exercise. [22] [23] [24] Furthermore, in humans, 4 weeks of HRT increases the amount of collagen type XIV in the muscle area near the MTJ. 11 This indicates that an extensive connective tissue remodeling takes place at the MTJ and its adjacent muscle fibers, and that this can be influenced by training. As fibroblasts are producing the collagens surrounding the muscle fibers at the MTJ, an increased remodeling of this area might result in an increased concentration of fibroblasts. In addition, the fibroblast content of human skeletal muscle increases during muscle regeneration and fibroblasts stimulate myogenesis, 25 supporting a role for fibroblasts in adaptation of muscle fibers as well as connective tissue. The aim of this study was to investigate the concentration of centralized nuclei in muscle fibers, the number of fibroblasts and the number of satellite cells in the muscle region close to the MTJ, and the effect of 4 weeks of HRT on these. Our hypothesis was that there is a high degree of remodeling in muscle close to the MTJ, showing as high concentrations of centralized nuclei, satellite cells, and fibroblasts, and that these would be even higher in MTJs subjected to HRT during a 4-week period.
| METHODS
This is a randomized controlled trial and was approved by The Research Ethics Committees of the Capital Region of Denmark (ref. H-4-2011-089 ) and conformed to the standards set by the Declaration of Helsinki. All volunteers gave written informed consent before inclusion. We enrolled 20 patients (mean age 34 ± SD 8 years) who were healthy except for an isolated anterior cruciate ligament (ACL) rupture and scheduled for ACL reconstruction surgery by use of a 4-stranded hamstrings graft (gracilis and semitendinosus tendons). The subjects were randomized by drawing lots into 2 groups: a control group (CON) and a training group (HRT) (HRT 3 times weekly for 4 weeks). Surgery was performed within 3 days after the last training session. Tissue samples from MTJ were collected during surgery as described in a previous study, and the same samples were used for this study.
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| HRT training regime
The training regime has been described in detail previously. 11 Briefly, quadriceps exercises included Leg press and Leg extensions, and hamstring exercises included Nordic Hamstring, Lying leg curls, Supine 1-leg curls, and Reverse Hyperextensions (posterior chain exercise). All training sessions were supervised and for all exercises subjects performed 3 sets of 6-8 repetitions to exhaustion. The load in the Lying leg curl exercise was based on a weekly 1 RM test. Full range of motion was endeavored and movement was controlled during both concentric and eccentric phases.
| Sample preparation
During surgery, the semitendinosus and gracilis tendons, including their full MTJs, were stripped. Samples of the MTJ were taken for this study before the tendons were prepared as grafts for the ACL reconstruction. From each sample, a piece consisting of both muscle and tendon was embedded in Tissue-Tek, frozen in liquid nitrogen-cooled isopentane and stored at −80°C. 10-μm-thick frozen sections were cut from each frozen specimen using a cryostat and placed on glass slides (Superfrost Plus), which were stored at −80°C until analysis. During this procedure, 10 samples were damaged and could not be used for further analysis (5 controls + 5 training).
| Immunohistochemistry
In samples from 2 subjects (1 control and 1 HRT), the muscle tissue turned out damaged, probably during the process of stripping, and cell quantification could not be performed.
| Satellite cells, fibroblasts, and muscle fiber remodeling
CD56 stains satellite cells, muscle fibers undergoing remodeling [26] [27] [28] [29] as well as nerve endings. 12, 15 However, the satellite cells are easy to distinguish. TCF7L2 is to our knowledge currently the best marker for detecting fibroblasts. 25, 30, 31 Collagen IV stains the basement membrane and was included to confirm the location of satellite cells inside, and fibroblasts outside the muscle membrane.
Sections were allowed to air-dry and were fixed with 5% formaldehyde (Histofix, Histolab, Gothenburg, Sweden) before incubation with the primary antibodies overnight in the fridge. Sections were labeled with 3 antibodies to stain satellite cells (CD56, cat. no. 347740; Becton Dickinson, San Jose, California, USA), fibroblasts (TCF7L2, transcription factor 7-like 2, cat. no. 2569, Cell Signaling Technology Europe, B.V., Leiden, The Netherlands), and basement membrane (collagen IV, cat. no. AB769, Merck Millipore, Darmstadt, Germany). This was followed by 3 secondary antibodies: Alexa Fluor 488 donkey anti-mouse (cat. no. ab150109, Abcam), Alexa Fluor 568 donkey anti-rabbit (cat. no. ab175693, Abcam), and Alexa Fluor 680 donkey anti-goat (Molecular Probes cat. no. A-21084, Invitrogen). Nuclei were stained with a mounting medium containing DAPI (Molecular Probes ProLong Gold anti-fade reagent, cat. no. P36935; Invitrogen A/S). A similar staining protocol was used for neonatal and embryonic myosin, substituting mouse anti-embryonic myosin (F1.652; Developmental Studies Hybridoma Bank) or mouse anti-neonatal myosin (NCL-MHCn; Novocastra, Leica Microsystems A/S, Ballerup, Denmark) for the CD56 primary antibody, on unfixed sections.
The person doing the cell counting was blinded to treatment group. The CD56 and TCF7L2 + cells were counted manually using a 40× objective. A CD56 + cell was defined as a cell with CD56 staining of its membrane containing a DAPI-stained nucleus, located inside the myofiber basement membrane. A TCF7L2 + cell was defined as a TCF7L2 + nucleus (also DAPI-stained) and located outside the myofiber basement membrane, but not associated with a blood vessel. Figure 1 shows images of a satellite cell and fibroblasts. The numbers of CD56 + cells, TCF7L2 + cells, and muscle fibers were noted for each sample, and the number of cells per muscle fiber was calculated. The area of muscle tissue analyzed was measured using ImageJ allowing the number of cells per mm 2 muscle tissue to be calculated.
The number of muscle fibers adjacent to the MTJ was counted, and the proportion of CD56 + fibers was calculated.
| Central nuclei
Samples were stained with an antibody against collagen XXII (guinea pig anti-Collagen XXII, provided by Manuel Koch), which is solely present at the MTJ 32 and can be used as a marker of the MTJ. Nuclei were stained with DAPI. From each subject, images were captured from 1 sample, and the distance of each muscle fiber to the MTJ (collagen XXII) was measured in ImageJ. It was noted if each muscle fiber contained one or more centralized nuclei or no centralized nuclei. To be considered a central nucleus, it must have no contact with the muscle fiber membrane. From each subject, the muscle fibers were divided into 4 groups, according to their distance to the MTJ: 0 μm (ie, a fiber in direct contact with collagen XXII staining), 1-200 μm, 201-400 μm, and 401-600 μm. An average of 77 (SD ± 15) muscle fibers was counted for each subject. In some subjects, obtaining muscle fibers over 200 μm from the MTJ was impossible.
| Statistics
To be able to show a 50% increase in the number of satellite cells in the HRT group, we needed 7 persons in each group, provided alfa = 5%, power = 80%, and SD 30%. To compensate for dropouts, we included 10 persons in each group. To compare data between the groups, an unpaired two-tailed t test was used. Because of the high number of samples that were lost during preparation, we ended up with 4 persons in each group, which obviously underpowered the study. Accordingly, we found no significant differences between the groups, and we chose to pool data from the 2 groups. This changed the study design from being randomized to descriptive. Figure 2 shows representative images of CD56 + fibers at MTJ sectioned longitudinally illustrating that the part of muscle fiber closest to MTJ was more CD56 + than the parts further away.
| RESULTS
| Satellite cells, fibroblasts, and muscle remodeling
No subject in either of the 2 groups had muscle fibers near the MTJ that showed immunoreactivity against neonatal or embryonic myosin.
| Centralized myonuclei
The percentage of muscle fibers with centralized myonuclei adjacent to the MTJ was not different in the 2 groups (CON: 43% ± 15, HRT: 50% ± 32). The concentration of muscle fibers with centralized nuclei dropped to 24% ± 12 in CON and to 15% ± 9 in HRT in the fibers 1-200 μm from the MTJ. Results from the 2 groups are pooled in Figure 3 . There were significantly more muscle fibers with centralized The number of cells is reported pr. muscle fiber and pr. muscle area in mm 2 .
nuclei adjacent to the MTJ (0 μm) compared to 1-200 μm (P = .006). The difference between the 1-200 μm and 201-400 μm groups was not significant (P = .057), and this was also the case for the difference between the 201-400 μm and 401-600 μm groups.
| DISCUSSION
This study is the first to investigate remodeling of the muscle fibers close to the human myotendinous junction (MTJ). The main finding is that the proportion of muscle fibers with centralized nuclei and CD56 immunoreactivity is very high close to the MTJ, indicative of a high dynamic state of remodeling of muscle fibers at the MTJ. Unfortunately, many samples turned out damaged, and the study turned out underpowered to conclude on any possible effect of HRT on the MTJ.
Approximately, half of the muscle fibers in direct contact with the MTJ contained one or more centrally located nuclei. With increasing distance from MTJ, the proportion of fibers with centralized nuclei lowered. In the midbelly part of young human skeletal vastus lateralis muscle, the frequency of centralized nuclei in human vastus lateralis muscle has been reported to be 3%, increasing to 6% after training. 13 Even though cellular dynamics of the hamstrings muscles might not be directly comparable to conditions in vastus lateralis, the proportion of muscle fibers with centralized nuclei that we observed in hamstring muscles at the MTJ (43%-50%) seems very high. That this reflects a high rate of remodeling is supported by our finding that 49% of the muscle fibers adjacent to the MTJ were CD56 + . CD56 is known to be expressed in newly formed muscle fibers and myotubes and is therefore normally used as an indicator of muscle remodeling. 33, 34 In fact, we did see that the ends of the CD56 + fibers
showed stronger immunoreactivity in comparison with areas of the fibers further away from the MTJ (Figure 2 ). Interestingly, while almost half of the fibers adjacent to MTJ were CD56 + , we did not see any fiber near the MTJ that expressed embryonic or neonatal myosin which is seen in newly formed muscle fibers. This was also the case after HRT.
Despite the great extent of tissue remodeling at the MTJ, correspondingly high numbers of satellite cells and fibroblasts were not observed. We had expected a high number of satellite cells close to the MTJ because we presumed that the ends of the muscle fibers sustained damage more frequently than the central regions and therefore needed repair. However, our values of 0.12 satellite cells/fiber are well within the range of values found in more central parts of the muscle 16,19,33,35 and does not support that a mechanism of repair is active at the MTJ under these circumstances. However, as muscle remodeling is a dynamic process, it could be that given the higher rate of tissue remodeling, newly formed daughter cells may differentiate and fuse with nearby muscle fibers immediately after proliferating and the higher equilibrium will not show in number of satellite cells. While satellite cells repair damaged muscle fibers, fibroblasts are needed to repair or remodel the ECM surrounding the muscle fibers. 36 In response to muscle damage, macrophages secrete cytokines (PDGF and TGF-β) that stimulate proliferation of fibroblasts. 25, 37, 38 In a previous study, we found a high content of macrophages at the MTJ which is why we hypothesized that there would be a high number of fibroblasts. We found numbers that were similar to what is reported in biopsies from human vastus lateralis muscles using the same TCF7L2 antibody as we did (mean 20-30 fibroblasts per mm 2 of tissue). 25 Whether the absence of an increased number of fibroblasts near MTJ is a result of the existing fibroblasts being more active cannot be concluded from our study. It is possible that injury is required to stimulate a proliferation of fibroblasts. In support of this, increased numbers of fibroblasts were detected in the skeletal muscle of individuals recovering from muscle injury. 25 Interestingly, we did not detect any fibroblasts in the tendon using the TCF7L2 antibody. This is in line with previous reports on the TCF7L2 showing that it is primarily expressed in fibroblasts located in muscle tissue. 39 In conclusion, we report that a great proportion of the muscle fibers near the MTJ seem to undergo remodeling, indicated by a high content of centralized nuclei and CD56 positivity, without any evident stimulation of satellite or fibroblast cell number.
| PERSPECTIVES
Hamstring strains are still a common sports injury, despite that several studies have shown the Nordic Hamstring HRT protocol to be prophylactic to strains. Our findings of an extremely high remodeling in this area contribute to the growing knowledge of the microstructure of the human MTJ. Future studies with long periods of HRT and larger sample sizes may show the cellular mechanisms explaining the prophylactic effect of the Nordic Hamstring exercise on strains and serve as a foundation for design of further injury prevention strategies.
